An integrated finite difference algorithm is presented for numerically solving the governing equation of saturated-unsaturated flow in deformable porous media. In recognition that stability of the explicit equation is a local phenomenon a mixed explicit-implicit procedure is used for marching in the time domain. In this scheme the explicit changes in potential are first computed for all elements in the system, after which implicit corrections are made only for those elements for which the stable time step is less than the time step being used. Time step sizes are automatically controlled in order to optimize the number of iterations, to control maximum change in potential during a time step, and to obtain desired outputs. Time derivatives, estimated on the basis of system behavior during two previous time steps, are used to start the iteration process and to evaluate nonlinear coefficients. Boundary conditions and sources can vary with time or with the dependent variable. Input data are organized into convenient blocks. Accuracy of solutions can be affected by modeling errors, different types of truncation errors, and convergence errors. The algorithm constitutes an efficient tool for analyzing linear and nonlinear fluid flow problems in multidimensional heterogeneous porous media with complex geometry. An important limitation is that the model cannot conveniently handle arbitrary anisotropy and other general tensorial quantities.
INTRODUCTION
The mathematical consideration of transient groundwater motion in saturated-unsaturated porous media leads to the solution of initial-boundary value problems. The earliest approach for numerically solving these problems was that of the finite differences, in which the partial differential equation of groundwater motion is directly approximated at each point of interest in the flow region. In recent times it has become evident that by posing the initial-boundary value problem in an integral form rather than in the form of a differential equation a great deal of power can be gained in numerical analysis, especially in regard to handling complex geometries of the flow region. The remarkable growth and popularity of the finite element method over the past decade attest to the advantages of an integral formulation of the problem. In the present work we will make use of an integral formulation which has been termed an integrated finite difference method (IFDM). The basic philosophy of this method and its relation to the finite element method have been discussed elsewhere [Narasimhan and Witherspoon, 1976] . Combining the IFDM with a mixed explicit-implicit iterative scheme for advancing in the time domain, Edwards [1968] 
The quantity • occurring in the time derivative on the righthand side of (la) represents an average press, ure head over the volume element bounded by the surface F, and D/Dt denotes a material derivative. Equation (la) is in general nonlinear, since G, p•o, k, and M• can be dependent on • or t.
Consider an appropriately small subregion of the flow region ( Figure 1 ) over which the variation of • is not rapid, and let the average properties of this volume element be associated with a representative nodal point l. Furthermore, let the volume element be so chosen that the lines joining the nodal point l to its neighbors be normal to the interfaces between the respective elements. We will assume that the average properties, such as that • is associated with each nodal point, are functions only of time, while the spatial variation of these average properties between adjacent nodal points can be represented by a simple linear relation which is independent of time. [ Edwards, 1968; Narasimhan, 1975] 
For an element l whose boundary surface may partly coincide with portions of the boundary of the overall flow region, On the basis of physical considerations [Dusinberre, 1961; Narasimhan, 1975] The local nature of stability and the form of (12) suggest that in order to carry out the solution process over the whole flow domain, one could first compute a•/,exp for all the nodal points in the flow region and compute the implicit correction only for those elements whose stability limit is exceeded by •t.
As far as is known, Edwards [1968] is the first to have taken advantage of the local nature of the stability phenomenon and combined explicit and implicit procedures in the calculation of a single time step. We will call this the mixed explicit-implicit approach.
MIXED EXPLICIT-IMPLICIT ITERATIVE SCHEME
The iterative scheme used in the present work is an adaptation and a generalization of one discussed by Eoans et al. In the light of (14), (17) 
PREPARATIONS FOR NEXT TIME STEP
The following preparations are essential before carrying out the calculations for each time step.
Reclassification of Elements
The computer program provides options for solving a given problem by using explicit forward differencing, implicit central or backward differencing, or mixed explicit-implicit procedures. When the mixed explicit-implicit procedure is followed, reclassification of explicit elements to implicit elements can take place if the time step is less than a prescribed maximum and if any explicit elements remain. Under those conditions, whenever the time step reaches the limit of two thirds of the smallest time constant for any explicit element in the system, the corresponding explicit element and all other explicit elements with time constants no more than 20% larger are reclassified as implicit elements. No further reclassification is thus needed until the time step increases by at least 20%. Thus the conditions for reclassifying explicit elements are as follows.
1. The mixed explicit-implicit procedure is used. 3. Element l is explicit, and Ah < 1.8Atmax.
Control of Time Step
The algorithm is designed to control the size of the time step automatically in a gradual manner so that the total number of iterations needed for convergence, as well as the maximum change in In the present algorithm, input is organized into convenient blocks. All control parameters, such as output interval, time limit, choice of differencing scheme, scale factor, symmetry factor, L•tsmall, L•tlarge, •Pvar, and uniform initial conditions, are provided through block 1. Block 2 is used for specifying material properties, and block 3 for properties of the fluid. Geometric properties of elements are specified in block 4, while blocks 5 and 6 are used to specify internal and external fluid flow connections. Boundary potentials are specified in block 7, and block-8 is used for specifying variable generation rates. Finally, block 9 is used for specifying nonuniform initial conditions.
CONTROL OF ACCURACY
The numerical algorithm described above is subject to different sources of error, and an appreciation of these sources is essential for a proper use of the mathematical model. The errors that affect accuracy can be divided into six groups [Edwards, 1968] Convergence errors arise because of the use of an iterative scheme for implicit calculations and the employment of arbitrary convergence criteria and can be controlled through a proper choice of the error tolerance factors. In heterogeneous systems, convergence may also be affected when thin, highly permeable volume elements adjoin elements with low permeability. One method of avoiding this problem is to lump several thin elements into a single large element.
The last important source of error is the accumulation of round-off inaccuracies. Such errors are in general unimportant in comparison with the other five sources mentioned above. Truncation errors arising from algebraic addition of terms which are nearly equal but are opposite in sign or which have widely different orders of magnitude can be quite serious. This is one reason why it is necessary to avoid very high conductances between intercommunicating volume elements by lumping their elements together.
CONCLUDING REMARKS
Like any other approximate method, the algorithm presented in this paper has its advantages and limitations. Perhaps the strongest point of the present model is that it attempts to pose and solve a problem physically. Intrinsically, the chief limitation of the model is that the finite difference gradient approximation is inadequate to handle general tensorial properties such as anisotropy and stress. To handle these properties in a most general way, it is essential to evaluate tangential gradients along surfaces. To some extent the anisotropy problem can be overcome in the present model by orienting the elements parallel to the principal axes of anisotropy. Since the permeability tensor does not usually rotate with time, this method of handling anisotropy must be adequate for handling many practical problems of interest. However, a similar logic cannot be extended to handling the stress tensor, which generally rotates with time. Therefore the present approach is at a disadvantage with respect to handling multidimensional stress fields. Numerically, the power of the present model lies in the fact that it is inherently multidimensional and the iterative scheme employed avoids the large requirements of computer storage associated with direct solution algorithms. 
